Stomion is a swarm of 13 flightless tenebrionid beetle species endemic to the Galapagos Islands. Their distribution is patchy and largely restricted to the littoral and arid zones of the archipelago. Each taxon is found on one or a few geographically close islands. Thirty-five populations representing nine of the taxa were examined at eight polymorphic enzyme loci using cellulose acetate electrophoresis to measure patterns of gene flow and investigate models of dispersal in a relatively young species group exhibiting spatially isolated populations.
Introduction
The extent of isolation and gene flow among spatially separated populations determines the potential for genetic differentiation, reproductive isolation and speciation. The resulting population differentiation may result from heterogeneous selection on disjunct populations or the stochastic effects of finite population size and genetic drift. Thus, an analysis of population structure and gene flow is an essential first step towards understanding the relative effects of selection and drift in producing the observed population differentiation. In addition, patterns of geographical allelic variation in members of a species complex may provide insight into past evolutionary events affecting the evolution of the group.
The migration of individuals may be measured using both direct and indirect methods. Mark and recapture studies can be used to measure individual vagility and provide estimates of the number of migrants between populations. Alternately, population genetic structure can be used to estimate levels * Correspondence: Department of Zoology, University of Guelph, Guelph, Ontario, Canada, N1G 2W1. of gene flow and infer levels of migration. Two models of gene flow are commonly used. The rare alleles model of Slatkin (1985) uses the average frequency of alleles found only in single subpopulations (private alleles) to infer the amount of gene exchange between those subpopulations. Wright's Fstatistics (1978) offer an additional method of measuring genetic differentiation among subpopulations whereby the fixation indices of subpopulations with respect to the total population are calculated.
Generally there is a predictable relationship between individual vagility and population subdivision; sedentary organisms tend to show higher values of FST whereas more vagile organisms show lower values (Zera, 1981; Liebherr, 1986) . Data from several recent studies have provided estimates of gene flow through the examination of population genetic structure in beetles which have localized distributions as a result of host-plant specificity (McCauley & Eanes, 1987) or habitat restrictions (King, 1987; Crouau-Roy, 1989 ). The present study supplements a field mark and recapture study (Finston, 1993) Island and island-like communities provide models for studying the genetic effects of isolation and population subdivision, and their roles in microevolutionary genetic change. The Galapagos Islands have been available for colonization for approximately 3-4 million years (Hall, 1983; Hickman & Lipps, 1985) , and like other isolated archipelagos they are rich in endemic faunas. In particular, three genera of flightless tenebrionid beetles comprise the greatest endemic beetle assemblage in the islands (Peck & Kukalova-Peck, 1990) . Of these, the radiation of the endemic genus Stomion Waterhouse is believed to have occurred following colonization by a single ancestral species, which has since become extinct (Van Dyke, 1953 (Van Dyke, 1953) recognized eight species and two subspecies. Three additional subspecies were subsequently described (Von Kaszab, 1970; Franz, 1985) . The genus is widespread in the archipelago but each taxon is found on only one or a few islands which are geographically close (Van Dyke, 1953; Finston, 1993) . Members of the genus are found primarily in the low elevation littoral and arid zones of the islands where the substrate is generally sand or cinder.
In the present study, cellulose acetate electrophoresis was employed to examine the population structure of the genus Stomion. Beetles from 35 sites were examined at eight variable enzyme loci with an aim towards understanding patterns of gene flow and models of dispersal in a young insect species swarm showing spatial subdivision.
Materials and methods

Electrophoresis
Samples of beetles were made at 35 sites on 19 different islands. Individuals were identified to species using the key of Van Dyke (1953) . Eight of the 13 described taxa were available for analysis. In addition, one population, DARW, represented a taxon which could not be placed in the existing key. Large islands were sampled at several sites whereas smaller islands were generally represented by only a single collection site. The sites and the sample sizes used for electrophoretic analysis are shown in Table  1 and site locations are shown in Fig. 1 . Live beetles from each of the 35 sites, representing nine taxa, were frozen on dry ice and shipped to the laboratory in Ottawa where they were stored in a -80°C ultrafreezer until further analysis. Variation at enzyme loci was analysed using cellulose acetate electrophoresis. This technique permitted individuals to be examined for variation at multiple enzyme loci.
Cephalic tissue of dissected individuals, rather than thoracic or abdominal tissue, was analysed, because the latter often contained food particles or eggs and caused interference with allozyme banding patterns. Map numbers refer to Fig Electrophoresis was carried out using standard methods (Murphy, et a!., 1990; Hebert & Beaton, 1993) . Two buffer systems were employed: Tris-glycine (pH 8.5) was used for all enzyme systems except 6Pgdh, for which Tris-citrate (pH 7.3) was employed.
Initially, 174 animals from six different sites were analysed for 20 commonly resolvable loci (Hsiao, 1989; Hebert & Beaton, 1993) to identify informative loci. Eight variable loci were found in the pilot study: hexokinase (Hk-2), mannose-6-phosphate isomerase (Mpi), phosphoglucomutase (Pgrn-1), peptidase-A (Pep, utilizing phe-pro), glutamate oxaloacetate transaminase, supernatant and mitochondrial forms (Got-s, Got-rn), 6-phosphogluconate dehydrogenase (6Pgdh) and phosphoglucose isomerase (Pgi). Where possible, 44 individuals from each site were analysed for these eight loci. The protein products of these presumptive gene loci were visualized using staining protocols outlined in Hebert & Beaton (1993) and Murphy et al. (1990) . The resulting bands were scored with respect to their relative mobilities: the slowest migrating electromorph was
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Data analysis
Analyses of electrophoretic data were carried out using BIOSYS-1 (Swofford & Selander, 1991) except where indicated. Allele frequencies were calculated for each site by direct count. Genotype frequencies were tested against Hardy-Weinberg expectations using a x2 goodness-of-fit test. Levene's (1949) correction for small sample sizes was employed. To correct for errors resulting from multiple tests of the same hypothesis, the probablility values were adjusted using the sequential Bonferoni procedure (Rice, 1989; Lessios, 1992) . Gene flow was measured in two ways. Firstly, hierarchical F-statistics were calculated at two levels to examine gene frequency divergence among subpopulations (Wright, 1940) . The hierarchy was constructed such that differentiation among sites on a single island and among islands were tested for each species. The number of migrants was estimated from F-statistics using the following formula:
where Nm = effective number of migrants per generation. Secondly, the rare allele model of Slatkin (1985) was used to estimate gene flow using the frequency of unique alleles among demes. Slatkin's formula relies on the assumption that the frequency of unique alleles in subpopulations is a measure of the number of migrants between subpopulations:
where p(l) is the average frequency of alleles found only in single populations and a and b are constants that depend on the population size. In order to use Slatkin's constants a and b, which were based on a sample size of 25, Nm was multiplied by the ratio 25/n, where n is the mean sample size of those populations possessing unique alleles (Slatkin, 1985 (Slatkin, , 1987 .
To examine modes of dipersal, three models of gene flow were examined: an isolation-by-distance model whereby migrants disperse more frequently to demes in close proximity, and less frequently to distant demes, resulting in a positive correlation between geographical and genetic distance; a stepping-stbne model, whereby migration occurs only between adjacent demes, resulting in greater genetic similarity between populations which are adjacent; and an island model, where migration occurs at random among demes, and there is no correlation of
The Genetical Society of Great Britain, Hereday, 75, 390-397. genetic relatedness to either geographical distance or physical adjacency. Patterns of geographical variation were tested using the Mantel test (Sokal, 1979) . A matrix of Rogers's (1972) genetic distance measures (GEN) for all pairwise comparisons of sites was tested against matricies measuring the geographical characteristics of those sites. Three matricies of geographical relationships were constructed. The first (GEO) used absolute distances in kilometres between all site pairs to test the isolation-by-distance model. The remaining two matrices were used to test the stepping-stone model and were constructed with different stringencies for assignment of neighbouring sites. The first (ADJ-1) used a binary adjacency matrix whereby site pairs were considered neighbours only if they occurred on the same island. These were given a value of one and site pairs which were located on different islands were assigned a zero. The second binary matrix (ADJ-2) was less stringent: site pairs within a 50 km radius of one another, regardless of island, were given a value of one and site pairs which fell outside of the 50 km radius were assigned a zero.
Scaling of genetic distances in two dimensions was performed using the MDS module of SYSTAT (Wilkenson, 1988) on Rogers's distances of two taxa (S. longulum and S. laevigatum) to examine spatial relationships among populations for taxa represented by sites on more than one island, as well as by multiple sites on single islands. Rogers's distance measure was chosen because multidimensional scaling requires metricity of the data (Swofford & Olsen, 1990) .
Results
Allele frequencies for all sites are available from the authors. A x2 contingency analysis showed that for four taxa there were significant frequency differences among sites (Table 2) .
Population genotype frequencies were compared with those expected by Hardy-Weinberg predictions for each polymorphic locus. Of 153 tests against Hardy-Weinberg predictions, 36 (23.5 per cent) were found to violate predictions. In each case, the deviation resulted from heterozygote deficiency. There was substantial genetic subdivision among sites in some Stomion taxa (Table 3 ). Wright's hierarchical F-statistics showed that for most taxa genetic differentiation was high among sites, particularly among those sites occupying different islands. On average, for all sites within a taxon, about 30 per cent of the total variation in allele frequencies was the result of genetic differentiation between sites (Table 4) . Most notably, S. longulum appeared to have modest migration among demes according to Slatkin's model (Nm 1.74) whereas migration appeared to be rare using Wright's model (Nm = 0.318). Similarly, for S. linelli, Wright's model produced Nm = 0.907 whereas Slatkin's model produced Nm = 3.71. Gene exchange resembled the stepping-stone model of dispersal: individuals were most likely to migrate to nearby demes. The results of Mantel's test showed a significant relationship between genetic distance and both measures of island adjacency but no significant relationship between genetic distance and geographical distance (Table   5 ). Multidimensional scaling of intraspecific genetic distances confirmed the trend that geographically close sites showed higher genetic affinities (Fig. 2) .
Discussion
The genus Stomion is primarily restricted to the low elevation, vegetated arid zone habitats on the islands in the Galapagos Archipelago, resulting in spatial isolation of populations. Opportunities for dispersal are further reduced by the flightless condition of the genus. A study involving mark and recapture of individuals belonging to three flightless tenebrionid genera (Stomion, Ammophorus Güerin-Méneville and Blapstinus Latreille) at a single site showed that while the number of recaptured individuals was low, individuals were invariably recaptured in the same quadrat in which they were marked (Finston, 1993) . In addition, active searches outside the quadrat area produced no marked beetles. The study failed to resolve reliable estimates of population sizes; how- Wright (1977 Wright ( , 1978 showed that in highly structured populations, migration does not provide
The Genetical Society of Great Britain, Heredity, 75, 390-397. Wright's F-statistics further confirmed that there was significant inbreeding within Stomion populations, and restricted gene flow among populations. From 9 per cent to 44 per cent of the overall genetic variation in eight of the taxa was attributable to differences between populations and the number of migrants between populations was generally fewer than one per generation. The number of migrants was greater than one for both Wright's and Slatkin's estimates of migration in just three taxa: S. helopoides, S. g. punctipennis and S. g. galapagoensis. The two former taxa are restricted in distribution to single islands whereas the latter is found only on the island of Floreana and its small offshore satellite island, Gardner. In contrast, the estimated number of interpopulation migrants was lowest in those taxa which occupy geographically distant islands such as -DIMENSION 2 I S. laevigatum, which is found on the islands of Santa Cruz and Isabela. However, populations on the same island also showed high levels of genetic subdivision in some taxa. Genetic differentiation among highly subdivided populations may be evidence of incipient speciation and provides a model for the allopatric radiation of the genus in the archipelago.
Geographical barriers imposed by large water gaps clearly affect dispersal in flightless beetles but other barriers to dispersal may also exist. For example, five distinct races of the Giant Tortoises inhabit each of five volcanoes on Isabela. In this case, the young, barren low elevation lava fields between volcanic uplands present geographical barriers to gene exchange (Marlow & Patton, 1981) .
The highly stratified vegetation zones on the islands (Wiggins & Porter, 1971 ) may pose additional geographical barriers to these flightless beetles. The habitats to which the genus is restricted lie mainly along the perimeter and on the leeward side of islands and are separated by the wetter habitats found at higher altitudes and on the windward side of the high islands.
While it is clear that gene flow between sites on the same or different islands is restricted in some taxa, the role of local selective pressures must also be considered in explaining the observed variation in population structure as it is difficult to assign population genetic characteristics unequivocally to random or selective events (Slatkin, 1987) . Differences in allele frequencies among populations, even those on the same island, are consistent both with the pattern of limited gene flow and differing selective pressures among neighbouring populations. While the level of interpopulation migration may not be sufficient to overcome the stochastic effects of random genetic drift and finite population sizes, further genetic differentiation may have been promoted by differential selection imposed by the varied enviroments of the different zones and islands. While individual taxa of the genus Stomion occupy similar vegetation zones on different islands, Bowman (1961) , in his study on the adaptive characteristics of Darwin's finches, was able to show that the islands in fact possessed unique and endemic floras. Furthermore, the upper limits of the vegetation zones may vary by as much as 100-200 m on the same island, depending on the juxtaposition of the site with respect to the direction of the prevailing winds (Wiggins & Porter, 1971) , and some vegetation zones are lacking altogether on some islands.
Colonization of new demes fits the stepping-stone model of dispersal whereby gene exchange occurs most often between adjacent demes. Mantel's test of geographical characteristics with genetic relatedness showed a significant correlation between genetic distance and both measures of site adjacency. This relationship was further confirmed by multidimensional scaling of genetic distances for populations of two taxa, S. longulum and S. laevigatum, in which populations occupying the same island clustered more closely than populations from different islands. Because these flightless beetles rely on passive modes of interisland dispersal, new colonizations are most likely to occur on islands in close proximity to the parent population. Little is known about the ability of tenebrionids to survive or remain afloat in salt water, although one study showed that beetles remained afloat and alive in the Baltic Sea for 5 days (Palmen, 1944) . Recent studies by Peck (1994a,b) showed that Coleoptera are present as both aerial plankton and sea-surface pleuston between the islands of the Galapagos. Howden (1977) , in his study of beach drift in New South Wales, Australia, showed that after storms, drift and vegetation mats which washed ashore were often vehicles for many heavy-bodied beetle families. The distance a migrant can travel to colonize a new island is dependent on the rate and direction of oceanic currents and the number of days an individual can remain alive during transport. Certainly, adjacent down-current islands are the most favourable for the arrival of drifting beetles.
Clearly, limited dispersal ability in conjuction with the patchy distribution of suitable habitats has played a key role in the allopatric isolation of Stomion populations. As a result, spatial subdivision 9f populations has promoted random genetic drift, inbreeding and localized adaptation, resulting in morphological and genetic differentiation among members of the genus. Ultimately, this may explain the exuberant radiation of Stomion in the archipelago. In addition, high levels of substructuring within taxa may be evidence of incipient speciation.
